This paper studies the influence of fabric's structure on the thermal and moisture management properties of knitted fabrics made of two types of yarns with thermo-regulating effect: Coolmax ® and Outlast ® . The main purpose of this study was the selection of the most adequate fabric, to be used in summer and winter sportswear. The results demonstrated that some properties, such as, thermal properties, diffusion ability, air and water vapor permeability are influenced by both raw material type and knitted structure parameters. Wicking ability is influenced to a greater extent by the knitted structure, while the drying ability is primarily determined by raw material and to a lesser extent by the knitted structure parameters. Outlast ® fabrics are preferred candidates for warmer climate sportswear, particularly due to their lower thermal resistance, higher thermal conductivity and absorptivity, air and water vapor permeability. When considering sportswear for colder weather, Coolmax ® based structures seem to be the best choice. These findings are an important tool in the design of a sportswear product tailored to the different body areas thermal and moisture management requirements.
INTRODUCTION
The most important feature of functional clothing is to create a stable microclimate next to the skin in order to support body's thermoregulatory system, even if the external environment and physical activity change completely [1] .
The thermal comfort of a garment depends on several factors: heat and vapor transport, sweat absorption and drying ability. Total heat loss from skin results from the heat loss promoted by evaporation and the heat loss conveyed by conduction, convection and radiation. Under mild environmental conditions the loss of heat by evaporation takes place in the form of insensible perspiration which accounts for approximately 15% of the heat loss through the skin.
In the case of hard physical exercise or in tropical climates, the heat loss by evaporation is accompanied by sweating and the skin becomes covered with a film of water [2] .
For wearer comfort, this sweat should be transported away from the skin surface, in the form of liquid or vapor, so that the fabric touching the skin feels dry. The transport of both moisture vapor and liquid away from the body is called moisture management [3] .
Moisture management has the following functions [4] :
Regulation of body temperature -when the human body core temperature exceeds 37 o C, sweat is produced. Transporting the sweat away from the skin and evaporating it to the atmosphere, reduces body temperature.
Control of cloth weight increase -absorbing the moist generated by the body increases cloth weight, making it uncomfortable and with a negative effect on performance. Moisture management avoids this effect.
Natural fibers such as cotton are hydrophilic, meaning that their surface has bonding sites for water molecules. Therefore, water tends to be retained in the hydrophilic fibers, which have poor moisture transportation and release. On the other hand, synthetic fibers such as polyester are hydrophobic, meaning that their surface has few bonding sites for water molecules. Hence, they tend to remain dry and have good moisture transportation and release. Moisture absorption and release properties do not coexist in common fibers. To achieve those, specialty fibers, obtained by a finishing (microencapsulation) process using thermally active materials, such as Outlast ® , or by fiber design, such as Coolmax ® , must be used [5, 6, 7, 8] .
When a textile product incorporates thermally active materials or specially designed fibers, it can provide enhanced thermal and moisture management http://www.jeffjournal.org Volume 6, Issue 4 -2011 performance in addition to the existing passive characteristics of the structure to keep the body in the comfort state [1] .
The Outlast ® yarn incorporates PCM (Phase Change Materials) microcapsules within a viscose fibre structure (Figure 1) . The thermo-regulating effect, resulting either from the heat absorption or heat emission of the PCM, is used to keep the temperature of a surrounding substrate nearly constant [9] . The Coolmax ® yarn does not rely on thermally active additives such as Outlast ® , but its thermoregulating effect relies on fibre's morphology (greater surface area and multi-channel cross section - Figure 2 and Figure 3 ), which draws sweat away from the body to the outside for easy evaporation. It applies the capillary theory to rapidly remove sweat and moisture from the skin's surface, transport it to the fabric surface, and then evaporate it [10, 6]. Nowadays, for the majority of sportswear, underwear and outerwear products include elastane. Plating (the simultaneous formation of the loop from two yarns) is a common technique to produce such knitted products [11] . To improve fabric elasticity and shape retention, 2% of elastane is enough; for highperformance garments, such as swimwear and active sportswear, the elastane content can increase up to 30% [8] .
In this study, the effect of fabric structure on the thermal and moisture management properties of knitted fabrics incorporating yarns with different thermo-regulating effect were investigated. The yarns used were a 30% Outlast ® Viscose / 70% Cotton, 14.75 tex and a Dacron 702 WSD 1.7/38, 14.30 tex (Coolmax ® ). The plating yarn was a 44 dtex bare elastane from Creora, plated at every feeder.
EVALUATED PROPERTIES AND EQUIPMENT USED
Air permeability is described as the rate of air flow passing perpendicularly through a known area, under a prescribed air pressure differential between the two surfaces of a material.
Tests were performed according to standard ISO 9237 using a Textest FX-3300 air permeability tester. The air pressure differential between the two surfaces of the material was 100 Pa.
Thermal properties were evaluated using the ALAMBETA instrument [12] 
Thermal Conductivity
Thermal conductivity is fundamental to determine the heat transfer through fabrics. For textile materials, still air in the fabric structure is the most important factor for conductivity value, as still air has the lowest thermal conductivity value when compared to all fibers (λ air = 0.025). Therefore, air transports a low quantity of energy by conduction and thermal conductivity decreases as well [13] .
Thermal Resistance
Thermal resistance expresses the thermal insulation of fabrics and is inversely proportional to thermal conductivity. In a dry fabric or containing very small amounts of water it depends essentially on fabric thickness and, to a lesser extent, on fabric construction and fiber conductivity [2] .
Thermal Absorptivity
Thermal absorptivity is the objective measurement of the warm-cool feeling of fabrics and is a surfacerelated characteristic. If the thermal absorptivity is high, it gives a cooler feeling at first contact with the skin. The surface character of the fabric greatly influences this sensation [12, 14] .
Moisture Management
For liquid transport within fabrics, two phenomena must be accounted for -wettability and wickability [15] . The term 'wetting' is usually used to describe the change from a solid-air interface to a solid-liquid interface. Wicking is the spontaneous flow of a liquid in a porous substrate, driven by capillary forces. As capillary forces are caused by wetting, wicking is a result of spontaneous wetting in a capillary system [16, 17] .
Many test methods have been developed to measure liquid water absorbency and water vapor transport in fabrics [3, 15] . These methods measure different aspects of moisture management characteristics of fabrics.
Diffusion Ability
Expresses the rate of water diffusing in the fabric surface and represents fabric's instantaneous water (perspiration) absorbency and transferring ability. The fabric samples were placed flat on a hydrophobic board with the outer surface facing down. The diffusion area (mm 2 ) was measured 30 seconds after dripping 0.2 ml of water, using a precise dropper whose tip was 10 mm above the fabric surface. The measurement was repeated at five different points and the average of the diffusion area (mm 2 ) was taken to indicate the diffusion ability of the fabrics.
Wicking -Transverse 'Plate' Test or In-Plane Wicking Test
Expresses fabric's ability to move sweat away from the skin to the outer surface of the fabric, where it evaporates. The apparatus used to determine the transverse wicking consists of a horizontal glass plate fed from below with water through a capillary tube coming from a reservoir placed on an electronic balance. The sample was placed on the glass plate and was held in contact with it (and with water) applying another glass plate on top of it. The changing weight of the reservoir is measured by an electronic balance to determine the rate of liquid uptake by the textile material. Similar apparatus have been used by Buras, McConnell, among others [18] .
Water Vapor Permeability
When vapor passes through a textile layer two processes are involved: diffusion and sorptiondesorption. Water vapor diffuses through a textile structure in two ways, simple diffusion through the air spaces between fibers and yarns and along the fiber itself. At a specific concentration gradient, the diffusion rate along the textile material depends on the porosity of the material and also on the water vapor diffusivity of the fiber. Diffusivity of the material increases with the increase in moisture regain. In the same way, moisture transport through sorption-desorption process will increase with the hygroscopicity of the material [19] .
The factors associated with knitted fabric's thickness and construction determine moisture vapor transport properties, especially in low density open textile structures. Fiber-related factors, such as crosssectional shape and moisture absorbing properties, do not play a significant role [20] .
The water vapor permeability was determined on SDL Shirley Water Vapor Permeability Tester M-261, according to standard BS 7209-1990. The cup method is a very common method for testing the moisture transfer ability of fabrics [21] .
Drying Time
The drying time is mainly dependent on how much water is absorbed by the fabric and therefore by fabric thickness [20] .
In this test, fabrics were cut into circular samples of 100 cm 2 , placed on a horizontal surface and wetted http://www.jeffjournal.org Volume 6, Issue 4 -2011 with 1 ml of distilled water dropped onto it using a precise dropper whose tip was 10 mm above the fabric surface. The remaining water ratio (RWR) and the drying time of fabrics were assessed. In order to determine the drying rate (evaporating curve), the fabrics were weighted in the dry state (dry weight-W f ) and immediately after wetting (wet weight at the initial stage -W 0 ). The change in weight (W i ) was measured at 10-minute intervals and the remaining water ratio (%) was then calculated, for each interval, using the following equation:
The remaining water ratios were used to express the drying ability of the fabrics as wetted by sweat.
EXPERIMENT PLANNING
Nine knitted structures were produced combining plain, tuck and float stitches, using an 8-feed SingleJersey Circular Knitting Seamless Machine MERZ-MBS. Machine details were as follows: gauge -28 E, diameter -13", number of needles -1152. The yarn input tension for elastane was 4 cN and for the other yarns 2 cN. The machine setting for the loop length was 100, and maintained constant for all fabrics. Table I shows the structures selected for this experiment and Table II the knitted fabrics' characteristics. All tests were carried out after the samples were conditioned under standard atmospheric conditions (temperature 20 ± 2°C, 65 ± 2% relative humidity), according to standard ISO 139:1973.
An exploratory data analysis containing central tendency and dispersion statistics was performed with the purpose of identifying outliers, normal behavior of the measured properties and also the homogeneity of variances. Then, univariate analysis of variance was made using PASW 17.0 by means of ANOVA procedure, followed by Post Hoc tests.
RESULTS AND DISCUSSION Air Permeability
As it can be observed in Figure 4 and was confirmed by ANOVA analysis, there is a significant influence of the fabric structure on air permeability. Both for Outlast ® and Coolmax ® fabrics, the lower air permeability values were obtained with structures 3 and 4 (with one-needle floats -known as locknit and double locknit), characterized by higher fabric density. Structures 6 and 7 (with a ribbed surface), as well as, structure 1 (single jersey) presented the higher air permeability values. In the single jersey structure this behavior is mainly due to fabric density; in the ribbed structures to their surface characteristic.
The air permeability is generally higher for Outlast ® fabrics; this is most probably due to the lower thickness of Outlast ® fabrics and to fibers' geometry. The higher surface area of the Coolmax ® fibre increases the resistance to air flow, which results in lower air permeability.
Thermal Properties
Thermal Conductivity: All Outlast ® fabrics have higher thermal conductivity than Coolmax ® fabrics and the difference between them is almost constant for all structures ( Figure 5 ). This behavior is in a great extent influenced by the yarn characteristics, but also by the fabric structure. Both for Coolmax ® and Outlast ® fabrics, structure 5 (with 3-needle floats) has the lowest thermal conductivity and structures 3 and 4 (one-needle floats -locknit and double locknit) the highest thermal conductivity. These structures have respectively, the lowest and the highest bulk densities. 
Thermal Resistance:
As expected due to the previous behaviour, all Coolmax ® fabrics have higher thermal resistance ( Figure 6 ). The fabrics with the higher thickness (structures 5 and 6) have the higher thermal resistance for both Coolmax ® and Outlast ® . Moreover, the thermal resistance of structures 5 and 6 made of Outlast ® is similar to the Coolmax ® ones (except for structures 5 and 6). This is most probably due not only to thickness, but also to fiber conductivity. 
Thermal Absorptivity:
Yarn characteristics play a significant role on thermal absorptivity.
As it is observed in Figure 7 , the thermal absorptivity of Coolmax ® fabrics is lower than the Outlast ® ones, which provides a warmer sensation when in contact with the skin. Moreover, the ANOVA results revealed that the surface characteristics of the fabric also have a great influence on the warm/cool feeling. Coolmax ® and Outlast ® structures 5 and 6 (with 3-and 2-needle floats) and 8 (with tuck stitches -double piqué) showed the lower thermal absorptivity values. The highest thermal absorptivity was obtained with structures 3 and 4 (one-needle floats -locknits).
Moisture management

Diffusion ability
As expected, the diffusion ability of Coolmax ® fabrics is higher than the Outlast ® fabrics - Figure 8 -(diffusion area 1.13 -1.80 times larger).
This behavior is essentially related with yarn characteristics, in particular fiber morphology and nature (hydrophilic or hydrophobic character), and to a certain extent, with the fabric characteristics and structure.
In the Outlast ® fabrics the hydrophilic character of the cellulose-based fibers is the most influencing factor of diffusion ability. Characterized for absorbing and retaining water, these fibers impair water diffusion through the fabric structure and lead to non significant differences between structures. These differences, however, are probably due to fabric thickness and cover: thinner and less dense fabrics have improved diffusion ability (jersey structure -1 In the Coolmax ® fabrics, the hygroscopic character and special morphology of the fiber are the main factors promoting water diffusion, but fabric characteristics and structure can significantly contribute to further improve diffusion ability. Structures 5 and 6 characterized by ribbed surfaces clearly demonstrate this.
Wicking -Transverse 'plate' test or in-plane wicking test
The amount of water (ml) taken by the fabrics at fixed intervals was measured and from that, polynomial curves were fitted for all the fabrics (with r 2 values higher than 0.99). Figure 9 and Figure 10 present the curves obtained for Outlast ® and Coolmax ® fabrics, respectively. The rate of water uptake was calculated from the curves.
The initial rate of water up-take in in-plane wicking is generally higher for Coolmax ® fabrics than for the Outlast ® ones. However, when comparing similar structures produced from the different raw materials, no correlation was found between the yarn hygroscopic character and the amount of water uptake. Fabric characteristics and structure are determining factors of the amount of water up-take both for Coolmax ® and Outlast ® fabrics.
For both Coolmax ® and Outlast ® fabrics, the initial wicking rate is higher for ribbed structures (6 and 7), single jersey (1) and structure 5 (with alternating 3-neddle floats).
Outlast
® fabrics with a ribbed surface (structures 6 and 7) demonstrated the highest water up-take capacity and very high initial wicking rate. This behavior is most probably due to the structures' ability to behave like a capillary system, removing and transporting water through the structure. Structures 8 (double piqué) and 4 (double locknit), with high bulk density and high thickness showed the worse in-plane wicking ability.
Similar behaviour was observed in Coolmax ® fabrics. Structures 5 and 6 (with 3-and 2-needle floats) with the lowest bulk density and the highest thickness have the best wicking ability. 
Water Vapor Permeability
As illustrated in Figure 11 , Outlast ® fabrics have higher water vapor permeability than Coolmax ® fabrics. This is mainly due to the hygroscopic character of Outlast ® fabric which has higher vapor diffusivity.
Moreover, the cross-sectional shape of Coolmax These results are in accordance with Brojeswari Das et al. findings [1] . However, fabric characteristics and structure play a significant role on water vapor permeability. When comparing fabrics made of the same yarn, the water vapor transmission rate is primarily a function of fabric thickness and density, as well as, fabric bulk density. For both Coolmax ® and Outlast ® fabrics, structures 3 and 4 (locknits) with the highest fabric and bulk densities showed the lowest indexes of water vapor transmission rate. The results of the present study demonstrated that there is a good correlation between air permeability and water vapor permeability of the fabrics, the relationship being quite well defined by a linear curve ( Figure 12 and Figure 13 ), as suggested by Stuart et. al [22] . FIGURE 13 . Correlation between air permeability and water vapor permeability of Coolmax ® fabrics
Drying time
The evaporation curves presented in Figure 14 and Figure 15 demonstrate that the drying rates of Coolmax ® fabrics are higher and the drying times lower than the Outlast ® ones. As in diffusion ability, this is primarily attributed to fibre geometry and low moisture regain (which increase the rate of capillary migration, enhancing the water transmission to the fabric surface and release from it). http://www.jeffjournal.org Volume 6, Issue 4 -2011 All the curves, around 10-20 % of the remaining water ratio, show an inversion point after which the drying rate begins to decrease. The first part of the curve (with higher slope) corresponds to moisture release from the void spaces between yarns; the second part (with lower slope) corresponds, in the case of Coolmax ® fabrics, to the release of moisture retained in the inter-fibre capillaries and, in the case of Outlast ® fabrics, also to the release of moisture within the fiber.
The drying time (0% remaining water ratio) for Coolmax ® fabric structures lies between 180-210 minutes (respectively for structure 1 -single jersey and 6 -with 2-needle floats) and for all Outlast ® fabric structures was about 270 minutes.
Knitted structure parameters affect drying ability but are secondary factors. In Outlast ® fabrics, structure 1 (single jersey) demonstrated the highest drying rate (and also the largest water diffusion area). This is probably due to fabric characteristics, namely, low thickness and mass per unit area. Structures 3 and 4 (the locknits) and structure 8 (the double piqué) showed the lowest drying rates. These structures have the highest thickness and mass per unit area.
In the Coolmax ® fabrics, structures 1 (single jersey), 2 (double one-needle floats) and 9 (single piqué) demonstrated the higher drying rates and ribbed structure 6 (with 2-needle floats) and 5 (with 3-needle floats) the lower ones. Once again fabric characteristics, namely thickness and mass per unit area, seem to have affected the drying ability of fabrics (higher drying ability corresponds to structures with the lowest thickness and mass per unit area and lower drying ability to structures with the highest thickness). 
CONCLUSIONS
This paper presents a quantitative study of various comfort related properties (thermal and moisture management properties) carried out on different knitted fabric structures containing Outlast ® and Coolmax ® yarns, and aiming at the selection the most adequate fabric for sportswear applications. From the results obtained it can be concluded that the thermal and moisture management performance of the studied fabrics is greatly affected by raw material properties, which significantly increased or decreased the values of the different comfort related properties evaluated. Moreover, the properties of Outlast ® and Coolmax ® fabrics are significantly influenced by fabric characteristics and structure, particularly in what concerns thermal properties, diffusion ability, air and water vapor permeability. Wicking ability is mainly determined by fabric structure and the drying ability by raw material properties.
Based on the thermal and moisture management behavior demonstrated, Outlast ® fabrics are considered preferred candidates for warmer climate sportswear, particularly due to their lower thermal resistance, higher thermal conductivity and absorptivity and higher water vapor permeability.
However, as they demonstrated fair drying ability, fabrics can become wet and damped, creating discomfort to the user (heavy, sag, feel cold when activity ends). Therefore, different solutions must be proposed, according to the activity level. If the wearer performs mild activities, skin wetness is very low and thermal comfort is managed by skin temperature. In this case, fabrics' air permeability and thermal resistance are determining properties for thermal comfort. Fabrics must have high air permeability and low thermal resistance. Fabrics with structures 1 (single jersey), 2 (alternate double oneneedle floats) and 7 (one-needle floats with ribbed surface) fulfill these requirements.
If the wearer performs more intense activities, skin temperature and wetness increase rapidly. Under these conditions, besides high air permeability and low thermal resistance, fabrics must provide higher water vapor transfer, high diffusion and wicking ability, as well as fast drying rate. Fabrics with structures 1, 7 and 2 meet these requirements, but depending on the level of intensity and on ambient temperature, one fits better than the other. Fabric with structure 1 (single jersey) seems the most adequate for higher intensity activities, where the user tends to sweat more. On one hand because it promotes heat and water vapor transfer (it has high air permeability, the lowest thermal resistance, very good water vapor permeability) and on the other hand because it adequately manages sweat absorption and http://www.jeffjournal.org Volume 6, Issue 4 -2011 transfer through evaporation (it has the highest diffusion and drying ability, although average wicking ability).
As regards Coolmax ® fabrics, the results pointed to a preferential use on sportswear applications for colder ambient conditions, particularly due to their high thermal resistance together with high wicking and diffusion ability. Fabrics with ribbed structure 6 (with 2-needle floats) and 5 (with 3-needle floats) have the higher thermal resistance and the better overall liquid moisture management capacity (high diffusion and wicking ability) which makes them the best choice for cold weather sport activities.
The previous findings are an important tool in the design of a sportswear product tailored to the different body areas thermal and moisture management requirements. 
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